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Disclaimer« 
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the Government may have formulated, furnished, or in any way supplied 
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manufacture, use, or sell any patented invention that may in any way be 
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This contract was initiated to determine the aeroelastlc stability 
limits of articulated and unarticulated helicopter rotor systems at 
high forward speeds.    The four primary modes of aeroelastlc instability 
(classical flutter, stall flutter,   torsional divergence, and flapping 
or flatwise bending instability) were investigated.    The possibility 
of a flap-lag instability suggested by Dr. Maurice I. Young of the 
Vertol Division, The Boeing Company,  was  investigated as a special case 
of flapping instability. 

The results are published as a five-volume set; the subject of each 
volume is as follows: 

Volume I Equations of Motion 
Volume II Classical Flutter 
Volums III Stall Flutter 
Volume IV Torsional Divergence 
Volume V Flapping Instability 

These reports have been reviewed by the U. S. Any Aviation Materiel 
Laboratoriea.    These reports, which are published for the exchange of 
Information and the stimulation of ideas, are considered to be tech- 
nically sound with regard to technical approach, results, conclusions, 
and amended parameter ranges for accurate usage. 
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Th« purposM of thle r«f«arch progroi were to extend or develop analytical 
Mthods for determining rotor blade aeroelaetlc stability limitf and to 
perform etabllity calculation! over a range of design and operating vari- 
able! for articulated and nonartlculated configurations. The usefulness 
of simpler analytical methods is investigated by comparing results with 
operating boundaries from tbe more elaborate analysis. 

Volume V deals vltb an investigation of the unstable flapping or latwise 
bending tendency which arises during operation at high forward speeds and 
reduced rotational speeds. An explanation of flapping instability Is 
given. This instability is basically due to negative aerodynamic spring 
forces on tbe upstresm side of the rotor. Tbe principal parameters in- 
fluencing flapping or flatwise bending are enumerated and discussed. The 
simplified analysis used a single degree of freedom, rigid flapping for an 
articulated blade or the first flatwise bending mode for a nonartlculated 
blade. This analysis was used to calculate response to an instantaneous 
gust» and practical operating boundaries were defined in terms of maximum 
allowable flapping or bending excursions. The simple analysis was used to 
investigate a range of various parameters. These Included mass ratio for 
both articulated and nonartlculated blades. Aerodynamic root cutout, 
pitch-flap coupling, pitch-flap velocity coupling, and mechanical flap 
damping were investigated for articulated blades. Nonartlculated rotor 
parameter variations included first mode bending frequency ratio, aspect 
ratio, and control gyroscope feedback. The simple analysis showed that the 
rotor flapping gust response was essentially proportional to gust amplitude 
and Independent of advancing tip Nach number. If blade excursions were 
within the normally acceptable limits. The blade mass ratio and pitch-flap 
coupling were found to have the most important effects on flapping insta- 
bility. The simple analysis was supplemented with rlmilar calculations 
with the extended Normal Node Transient Analysis, l lese results showed 
that the simpler analysis predicted all trends correctly and provided re- 
sults which were somewhat conservative with respect to those of the Normal 
Node Transient Analysis. This conservatism is appropriate to the use of 
the simpler analysis in preliminary design studies. Recommended pre- 
liminary design practices are stated, which are intended to prevent dif- 
ficulties with flapping-type instabilities. 

The existence of a flap-lag instability was investigated with the Normal 
Node Transient Analysis, which included blade stall, compressibility, and 
reverse»flow effects. Three advance ratio conditions were chosen, with 
the rotor operating In high-speed flight under stalled conditions. While 
large control pulses were found to produce blade excursions which were un- 
acceptably large from a practical standpoint, no tendency of the rotor to 
become catastrophically unstable was noted. 
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POFUWORD 

Th« invMtlgAtion presented in this volume Is pert of a general study of 
rotor blade aeroelastic instabilities, which is contained in fire voluaes. 
The work was performed under Contract DA U1»-177-ANC-332(T) with the U. 8. 
Army Aviation Materiel Laboratories, Port Bust is, Virginia. The progrem 
was monitored for USAAVLABS by Mr. Joseph McGarvey. 

The rotor blade flapping and flatwise bending instability analysis and 
calculations are the result of work done at the United Aircraft Research 
Laboratories by Mr. H. L. Elman, and at Sikorsky Aircraft by Mr. Charles 
F. Niebanck. The investigation of coupled flap-lag instability «as per- 
formed at Sikorsky Aircraft by Mz. Lawrence J. Bain. 

Volume I of this report contains the development of the differential 
equations of motion of an elastic rotor blade with chordwise mass unbal- 
ance. 

Volume II presents a linearised discreet azimuth classical flutter analysis 
for rotor blades, with cm appropriate parameter variation study, a com- 
parison with test data, and a comparison with results calculated by using 
the method of Volume I. 

Volume III describes a stall flutter analysis based on the calculation of 
aerodynamic work for a cycle of blade torsional vibration. Two-dimensional 
unsteady airfoil test data were used in the evaluation of the aerodynamic 
work. The analysis was used to generate stall flutter boundaries. 

Volume IV contains the results of a study of static torsional divergence. 
A set of design charts and the effects of a range of parameter variations 
are presented. The results of the static divergence calculation are 
pared with results calculated by using the method of Volume I. 
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IHTRODUCTION 

It Is well known that the stability of the flapping motion of an articula- 
ted helicopter rotor blade decreases with Increasing flight speed, as con- 
sidered in References 1, 2, 3, '»» 5, and 6. Some of the results given in 
the earlier of these investigations are contradictory in nature because of 
simplifying assumptions made. For example, the results of Reference 1, 
which were obtained without including the effects of reverse flow, indicate 
that no flapping Instability Is possible. On the other hand, the limited 
results of References 2 and 3, which were obtained with the consideration 
of reverse-flow effects, indicate that instability can occur at high ad- 
vance ratios. The results of the more recent analyses (References k,  5, 
and 6) have generally been limited to the definition of stability character- 
istics of specific configurations. Reference 6 does present some gener- 
alized results showing that blade Lock number is an Important parameter. 
In addition, all of the work of the above references is limited to articu- 
lated rotors. It can be shown that hingeless rotors are susceptible to a 
flatwise bending type of instability which is produced by the same funda- 
mental mechanism as that which produces the flapping instability on artic- 
ulated rotors. The investigation contained In this volume determines, for 
both articulated and hingeless rotors, the operating speed limitations 
imposed by the reduction in blade static stability at high speeds; also 
it assesses the effectiveness of various design parameter changes in alle- 
viating these limitations. For this purpose, general parametric studies 
were made, with rapid, simplified analyses being used. Some of the more 
significant trends and results of the parametric studies were then supple- 
mented and verified by means of the Extended Normal Mode Analysis, which is 
based on the equations given In Volume I, in order to determine the effects 
of additional blade degrees of freedom. 

The existence of a basic type of articulated rotor instability, associated 
with heavy rotor loads, was predicted In Reference 7, where an approximate 
analysis was used. With this analysis, it was concluded that moderate 
impulsive disturbances could Initiate coupled, unstable flap-lag motion in 
a heavily loaded rotor. The investigation in this section was Intended to 
show if this type of instability would be predicted with the more elaborate 
Normal Mode Transient Analysis, In which blade stall, reverse-flow, and 
compressibility effects, as well as blade elastic deflections are con- 
sidered. The investigation was limited to six sample cases falling within 
the scope of the analysis in Reference 7* These sample cases are at ad- 
vance ratios of 0.3, 0.5, and 0.7. Various sudden collective pitch incre- 
ments were applied, and the blade response was calculated for several sub- 
sequent revolutions to investigate basic instabilities involving coupled 
flapping and lead-lag motion. 



DBCRIPTIOB OF FLAPPIHG OR FUTWISE BEHDIBO IBSTABILI'^ 

The operation of rotary-ving aircraft at high forward speads r«tultt in 
operation at high advance ratio ft  , tince rotational speed must be re- 
duced to prevent excessively high advancing blade tip Nach mabers. Flap- 
ping or flatviee bending Instability arises because of the changes In rel- 
ative flow direction caused 1 a blade position out of the plane of rota- 
tion on the upstream half of tne rotor disc. This Is illustrated sehe- 
aatically in Figure 1, which shows side vises of both articulated and hinge- 
less rotors. Because of the blade deflaction, there are coaponents of the 
flight velocity normal to the local span axis of the blade. These coa- 
ponents contribute to the local angle of attack and result In Increaental 
lift forces on the blades as shown. These incremental lift forces are 
destabilising, since they are proportional to the blade deflection and are 
in a direction to cause an increase in that deflection. These destabilising 
forces increase with aircraft forward velocity. The centrifugal forces 
stabilising an articulated blade and the centrifugal and structural forces 
stabilising the hingeless blade at best remain constant. Therefore, an 
unstable tendency will develop as the rotor is operated at even higher 
forward velocities. 

lote that in the shove qualitative description of the flapping or bending 
instability all force increments considered vere proportional to the dis- 
plao—snt of the blade. Hence, the instability can be considered as aris- 
ing from a reduction in the static stability of the blade as it traverses 
the uprtream half of the rotor disc. 



PRINCIPAL PJLBAMETERS INFLUEN ING FLAPPING OR 
FLATWISE BENDING INSTABILITY 

In this section a brief discussion of the principal blaee parameters which 
influence flapping or bending instability is presented. Ot her parameters 
of interest can be deduced by ex9mination of the flapping equation of 
motion (Eq. 91 of Volume I) for the articulated rotor or the flstwise bend
ing equation (Eq. 80 of Volume I) for the hingeless rotor. The parameters 
considered are given below along with a brief explanation of the mechanism 
by which such parameters can influence the static stability of the blade. 

ROTOR ADVANCE RATIO, IJ. 

The destabilizing aerodynamic nondimensional spring forces acting on the 
upstream rotor blades increase with advance ratio. Certain components of 
these forces increase in a linear fashion with advance ratio, while others 
increase in quadratic fashion. 

BLADE MASS PARAMETER, MR 

'I'his parameter represents the ratio of ble,de aerodynamic forces to inertial 
forces. The lower the mass parameter, the more effective will be the cen
trifuga~ f orces in stabilizing the rotor blade. A general expression for 
the mass parameter applicable to both hingeless and articulated rotors is 

M R = _.....:..p~c.-o..::...R----==--

11t- 2 d-mo m Yw r 
0 I 

( 1) 

When the blade first bending mode shape Y w 1 is t&.ken equal to r for 
the articulated rotor, the mass parameter for the articulated rotor is 
equal to the more familiar blade Lock number divided by the average value 
of blade lift curve slope. 

PITCH-FLAP COUPLING 

The destabilizing aerodynamic spring on the upstream b_ ~des of an articu
lated rotor can be reduced by introducing coupling between the flapping and 
pitching motions of the blade so that the blade pitch is reduced when the 
blade flaps upward. This is generally accomplished very simply by off
setting the pushrod radially from the flap- hinge axis. This coupling pro
vides a large stabi lizing aerodynamic spring force when the blade is oper
ating in conventional flow. I n reverse flow, however, such coupling is 
destabilizing. Unless the advance ratio is very high, the blade is oper
ating in conventional flo f or all except a small part of each revolution. 

3 



MECHANICAL FLAP DAMPING 

Augmentation of the inherent aerodynamic flap damping of the blade with a 
mechanical device is another possible method for increasing the flapping 
stability. The flap damper is a device which produces a moment about the 
flapping hinge. The magnitude of this moment is proportional to the flap
ping velocity, and acts in opposition to that velocity. The stabilizing 
moment is, therefore, applied before large amplitudes are reached. 

PITCH-FLAP VELOCI TY COUPLING 

Stabilization of the flapping motion of an articuJ~ted rotor blade can also 
be achieved by coupling the blade pitch to the blade 's flapping velocity 
in such a manner that an upw~d flapping velocity causes an automatic re
duction of blade pitch. This type of coupling introduces pitch changes 
before the undesirable flapping amplitudes occur, but it is also destabi
lizing in reverse flow. 

NONARTICULATED BLADE BENDING STIFFNESS 

The basic centrifugal forces stabilizing a rotor blade can be supplemented 
to some extent by elastic bending moments if the flapping hinges are elim
inated, and the ~P.nding stiffness is increased well beyond present practice. 

CONTROL GYRO STABILIZAi'IO:N 

The control gyro is basically employed as a device for aircraft stability 
augmentation. When it is used for stability augmentation, the gyro response 
to fuselage motions is employed to provide blade pitch control inputs whi ch 
stabilize these fuselage motions. The gyro can also be used to change 
blade response character1~tics as well, even in the absence of any fuselage 
motion. This particular fui:.ction is provided by transmitting small com
ponents of the blade root flatwise bending moments to the gyro. The re
sponse of the gyro to the combined moments transmitted from the blades re
sults in pitch control inputs to the blades. It is therefore of interest 
to assess the effect of such a control gyro on the flatwise be~ding in
stability at high advance ratios. 

The scope of this work includes one typical gyroscope installation. No 
consideration is given to any fuselage motion except the steady forward 
velocity. In order to provide a component of pushrod force due to blade 
flatwise bending, the blade is swept forward slightly so that a small lead 
angle exists between the blade structural axis and the feathering axis. 
This causes the blade pushrod and horn to react a small component of the 
flatwise bending moment, as well as the usual blade root torsional moment. 
The total blade moment about the feathering axis, including the component 
of flatwise bendillb mentioned above, is reacted by the gyro through the 
blade pushrod. The gyro motion, and the resulting pitch input to the 
blades, depends on the pushrod loads applied to the gyro by all the blades. 
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PARAMETRIC STUDIES OF FLAPPING OR FLATWISE 
BENDING STABILITY WITH THE SIMPLIFIED ANALYSIS 

PRELIMINARY DESIGN PROCEDURES FOR DEFINING PRACTICAL ROTOR LIMITS 

The objectives of the parametric study phase of the investigation were (l) 
to determine practical operating limits imposed on rotor systems by the 
reduction in blade static stability at high advance ratio and (2) to assess 
the effects of important design parameters on such operating limits. As 
used here, the phrase "practical operating limit" is taken to mean that 
advance ratio for which the reduction in blade static stability becomes so 
severe as to cause an unacceptably large response to a representative in- 
stantaneous gust. It was concluded that practical operating limits should 
be considered rather than absolute stability limits because the latter is 
of little use to the designer. This is so because unacceptably large blade 
motions occur for quite moderate disturbances before the absolute stability 
boundary is reached. If very large out-of-plane blade motions occur, non- 
linear effects due to the coupling of out-of-plane and lead-lag motions of 
the blade, and due to the reduction in stabilizing centrifugal forces with 
blade deflection amplitude must be considered. When out-of-plane blade 
deflections are limited to practical values compatible with fuselage 
clearance requirements (10 to ' degrees of flapping on articulated rotors), 
such nonlinear effects are of L   idary importance. This conclusion Is 
supported by the results shown in Figures 2 and 3. Figure 2 shows the max- 
imum nondimensional tip deflection obtained after the articulated blade 
encounters an Instantaneously applied gust at an azimuth angle of 0 degrees. 
The response is shown with and without lag freedom, and it can be seen that 
lag effects are not of primary importance. Figure 3 shows the response of 
an articulated blade which is displaced in the flapping degree of freedom 
at two initial azimuth angles. The resulting time histories of blade flap- 
ping motion are shown for no additional disturbances and for no collective 
and cyclic pitch inputs. It should be noted that Figure 3 shows much larger 
excursions in flapping for an initial disturbance at an azimuth angle of 
90 degrees than for the same initial flapping displacement at an azimuth 
angle of 0 degrees. In the work to follow, the response of the blade with- 
out initial flapping or bending to cm instantaneous guso is studied. It 
was found that the largest blade excursions for a gust of a given size 
occurred if the gust was applied near an azimuth angle of 0 degrees. 

Practical operating limits of the various rotor configurations analyzed 
were therefore determined by neglecting blade lag motion and by representing 
the out-of-plane motion of the blade by the rigid-body flapping mode for 
the articulated blade and by the first elastic flatwise mode for the hinge- 
less blade. Blade responses in either case were determined by numerical 
integration of the appropriate equations of motion. Numerical integration 
was required because of the periodic coefficients in the equations of motion 
and the inclusion of nonlinear compressibility and stall effects in the 
representation of the blade aerodynamics. A more complete description of 
the general type of analysis used is given in Reference 8. The airfoil 
data used in Reference 8 was also used in this study. In computing rotor 
blade response to gusts, it was assumed that fuselage motions and rotor rpm 
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ehaafM v«re negligible within the time period required for the blade re- 
•ponsee to reach their maximum values (generally ^ to 1 revolution of the 
rotor) for these simple analyses. An instantaneously applied gust was 
assumed, and unsteady aerodynamic effects were neglected. These assumptions 
are conservative, and refinements are beyond the scope of the current anal- 
ysis. The magnitude of the gust assumed in the bulk of the calculations 
was 30 fps; similarly, an advancing blade tip Mach number of O.85 was also 
assumed. It will be shown, however, that these assumptions are not crit- 
ical, inasmuch as the results obtained are approximately proportional to 
gust amplitude and almost independent of the advancing tip Mach number. 
Thus, normalised results can be obtained which can be applied to any prac- 
tical combination of gust magnitude and advancing tip Mach number. Such 
normalised results are obtained by evaluating the derivative 4 8T/d XG 

where 

5T is the maximum tip deflection at any azimuth 
angle divided by rotor radius 

^0 is the ratio of gust velocity to rotor 
rotational tip speed 

The quantity  ^0   can be expressed in terms of advance ratio and advanc- 
ing tip Mach number as 

V-M^A»- (2) 

The blade was assumed to be  initially trimmed to zero flapping or bending and 
to be at an azimuth angle of zero degrees when it encountered the gust. 
This initial azimuth angle generally resulted in the maximum tip deflection 
of the blade during the gust-induced transient. 

The degree of linearity of the blade gust response with respect to   Xc 
and its independence of advancing tip Mach number are shown by the results 
presented in Figures k and 5.    Although a small amount of scatter is present 
due to nonlinear stall and compressibility effects, the advantages of gen- 
erality permitted by the linearizing assumption far outweigh the small 
errors introduced, which are generally less than 10% in maximum   fi 

Once values of dSj/dXQ for several advance ratios have been 
determined for a particular rotor configuration, a comparison with maximum 
allowable values, as determined by maximum permissible blade tip excursions 
fron the trim condition and maximum anticipated, gust size, can be made to 
determine maximum operating advance ratios.    The maximum allowable value of 
the derivative is approximately 

\ d X« L„        V  XQ  / d XQ 'MAX XQ /MAX (3) 
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The above general approach was used to investigate the independent effects 
of each of the parameters influencing flapping or bending stability which 
were described. 

In order to assess the effect of the control gyroscope, blade response cal- 
culations were first performed with the gyroscope assumed fixed to the 
shaft.  The loads on the gyroscope were calculated, and then the gyroscope's 
response to these loads. Finally, the gyro response was used to define new 
cyclic pitch control positions for another blade response calculation. The 
change in blade response due to the new control position was then noted. 
One such cycle of calculations was Judged to be sufficient for this study. 
The single-degree-of-freedom analysis considered gyro loads due to blade 
flatwise moments only. 

BLADE CONFIGURATIONS STUDIED 

The rotor system configurations studied have a radius of 31 feet, with a 
flap-lag hinge offset of 3.h%  of the rotor radius. All blades have uniform 
cross section and mass properties, except for aerodynamic root cutout. The 
specific rotor configurations which were analyzed are given in Table I. 

As indicated in the listing in Table I, the investigation generally con- 
sidered independent effects of the various design parameters. The only 
exception to this was the investigation of aspect ratio effects for the 
hingeless rotor. This parameter was varied by changing the number of blades 
of the rotor, keeping a constant rotor radius and solidity. By assuming all 
blade sections to be geometrically similar to those of the basic rotor 
blades, a specific simultaneous variation of mass parameter and frequency 
ratio resulted. 

Control gyro parameters of interest are a lead angle of 1.5 degrees between 
blade axis and feathering axis and a gyro polai moment of inertia .01 times 
that of the rotor. The pushrod azimuth location leads the blade feathering 
axis by U5 degrees. No mechanical damping is applied to gyro motion. 

GENERAL DISCUSSION OF RESULTS FROM THE SIMPLIFIED ANALYSIS 

Tip deflection derivatives are presented for the articulated and nonartic- 
ulated rotors in Figures 6 through 10 and_ll through 13 respectively. In 
each of these figures, the derivative  dSj /^G   is plotted as a function 
of rotor advance ratio. The results were determined by using a 30-fps gust 
and an advancing blade tip Mach number of O.85. However, as discussed pre- 
viously, the results can be applied with confidence to situations involving 
other values of gust amplitude and advancing tip Mach number. Presented in 



each figure are curves shoving the characteristics of the basic rotor sys- 
tems as veil as those of rotor systems incorporating a specific design 
parameter change. Also shown on each of these figures is a curve repre- 
senting a locus of maximum allowable derivative values as determined by 
Eqs. (3) and (U), based on the assumptions of a SO-fps gust, an advancing 
tip Nach number of .85, and a maximum allowable tip deflection of .26 times 
rotor radius. When the actual derivative for a given rotor is equal to the 
maximum allowable value, a rotor operating limit is defined. It should be 
noted that this is appropriate only to the assumed advancing blade tip Mach 
number and the assumed maximum gust velocity. 

The tip deflection value (.26R) used in determining the maximum allowable 
derivative values in Figures 6 through 13 was selected principally from 
typical fuselage clearance requirements. For an articulated rotor with 
small flap hinge offset, such a deflection corresponds to a flap angle of 
about 15 degrees. For hingeless rotors, other factors, such as stress at 
the root of the blade, must be considered in selecting a maximum allowable 
tip deflection. For consistency, however, the same criterion was used for 
both rotor systems. It is evident that blade stresses are highly dependent 
on the detail design of the blade; as such, their determination for all 
hingeless rotors studied was beyond the scope of these parametric studies. 
The maximum operating advance ratios determined for the hingeless rotor on 
the basis of fuselage clearance considerations may therefore be optimistic. 
The attainment of such advance ratios in practice will be contingent upon 
acceptable blade stress amplitudes over the tip deflection range considered. 

MAJOR EFFECTS OF PARAMETER VARIATIOHS ON THE ARTICULATED ROTOR 

Cross plots of the results of Figure 6 through 13 showing typical effects 
of various design parameters on maximum operating advance ratio, are pre- 
sented in Figures Ik  through 21. It is emphasized that these are typical 
results based on the assumption that fuselage clearance requirements will 
be the determining factor In defining allowable blade tip deflections and 
that the gust size and advancing tip Mach numbe.' are 30 fps and O.85 re- 
spectively. Results for other combination of these quantities can readily 
be generated by using Eq. (U) and the more general derivative results of 
Figures 6 through 13. 

Figure lh shows that decreasing blade mass parameter by increasing blade 
flapping Inertia or decreasing air density permits operation of the rotor 
at higher maximum advance ratios. This results from the fact that at low 
mass parameters, the stabilizing centrifugal forces acting on the blade are 
larger in relation to the destabilizing aerodynamic forces. The mass 
parameter of the basic blade is based on a sea level density. Operation at 
cm altitude of 10,000 feet would reduce the mass parameter by about 25%. 

The effect of pitch-flap coupling 83  on maximum advance ratio is shown 
in Figure 15, where it is evident that the addition of such coupling is 
beneficial. It is interesting to note, however, that a point of diminishing 
returns is reached where further increases in 83  produce little further 
imporvement in advance ratio capability. This is the result of the de- 
stabilizing effect of such coupling in reverse flow. Thus, it is to De 
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expected that 83  would be most effective at moderate advance ratios, 
where reverse-flow effects are not too pronounced. 

Figure 16 shows the effect of Increasing the aerodynamic root cutout of the 
blade. As might be expected, because of the relatively email contribution! 
of the inboard portions of the blade to the destabilizing aerodynamic 
moments, little benefit from cutout results until unreal!stically large 
cutouts are employed. 

Figure 17 shows that the addition of mechanical flap damping is beneficial. 
However, dampers of impractically large size are  required to achieve im- 
provements of the same order of magnitude as those produced by pitch-flap 
coupling. To achieve critical damping, a flap damper is required which 
produces much greater damping than present lag dampers. 

The effects of pitch-flap velocity coupling (shown in Figure 18) are qual- 
itatively quite similar to those of pitch-flap coupling with high effective- 
ness at low advance ratios. This is as expected. Inasmuch as both types of 
coupling are destabilizing in reverse flow. 

MAJOR EFFECTS OF PARAMETER VARIATIONS ON THE NOWARTICULATED ROTOR 

The effect of mass parameter on maximum operating advance ratio for the 
nonartlculated rotor is shown in Figure 19. As with the articulated rotor, 
the effect of decreasing mass parameter is beneficial. For comparison, the 
articulated rotor results of Figure lh  have also been Included in Figure 19, 
and it is evident that at equal mass parameters, the two types of rotors 
have essentially the same maximum advance ratio. This is not surprising in 
view of the fact that the basic hingeless rotor has structural stiffness 
small enough so that the stabilizing moments acting on the blade are still 
largely centrifugal, similar to the case with the articulated rotor. This 
is evidenced by the fact that the ratio of blade first mode natural fre- 
quency to rotor rotational frequency was 1.12 for the hingeless rotor, con- 
pared to 1.03 for the articulated rotor. Since the nonartlculated blade 
flapping stiffness is almost entirely the result of centrifugal force, the 
ratio of first mode flapping frequency to rotor rotational frequency can be 
assumed constant over the range of rotor rotational frequencies Included in 
this study. Further, any benefits occurring from this small Increase in 
total stiffness for the hingeless rotor are, to a large extent, compensated 
for by the fact that, for the same tip deflections, the higher slopes of 
the outboard portion of the bent nonartlculated blade aggravate the desta- 
bilizing aerodynamic forces at a given advance ratio. 

The effect of frequency ratio on maximum advance ratio is shown in Figure 
20. A dashed line is drawn connecting the points, since resonance effects 
can cause local irregularities in the shape of the curve. 

In determining the results of Figure 20, all parameters but frequency ratio 
have been held constant, and no attempt has been made to relate the vari- 
ations in frequency ratio to practical blade design changes. Most design 
changes which would be made to increase blade natural frequency to the 
levels shown in Figure 20 would probably involve changes in the mass pa- 
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r«m«t«rttp*r taper .and thlckness-to-chord ratio. In view of the potential 
diffieultiti associated with independent changes of blade frequency ratio, 
it was worthwhile to examine the effect of simultaneous variations in both 
frequency ratio and nass parameter associated with a specific type of blade 
modification. The particular modification considered was an independent 
change in blade cross section, expressed as a change in aspect ratio. In 
order to keep rotor solidity and radius constant, the aspect ratio and the 
number of blades vere changed simultaneously. The chord and thickness of 
the blade cross section were changed in inverse proportion to the number of 
blades. The blade cross section was geometrically similar for all aspect 
ratios. The basic hingeless rotor had 5 blades of aspect ratio 20.U. The 
number of blades on the rotor was varied from 7 to 2 while maintaining con- 
stant rotoi solidity and radius. Since blade characteristics alone were 
being studied, the poor vibration and ground resonance characteristics of 
the hypothetical 2-bladed nonarticulated rotor were ignored. By assuming 
all blades to have cross sections geometrically similar to that of the 
basic rotor blade, it was possible to obtain the following expressions 
which relate the frequency ratio and mass parameter of the modified blades 
to those of the basic blade: 

«,-[i-»w«cr](-arL)t+,<< 
(Ml ■ - B   '    ■aF^ ^,      _  V" 

^ ^ BASIC ( Ä BASIC) (6) 

The effects of varying blade aspect ratio in this manner are shown in 
Figure 21,where frequency ratio, mass parameter, and maximum advance ratio 
are plotted as functions of aspect ratio. Low aspect ratios cure seen to 
be beneficial, with the benefits produced almost entirely by mass parameter 
effects for the aspect ratio range considered. 

The response of each of the five blades to the idealized instantaneous gust 
with and without cyclic pitch inputs due to control gyroscope feedback is 
shown in Figure 22. Each blade is identified by its azimuth angle at the 
onset of the idealized gust. As mentioned previously, cyclic pitch inputs 
are based on gyroscope response to pushrod loads determined with the gyro- 
scope held fixed. In this single-degree-of-freedom analysis, the pushrod 
loads were the result of flapping moment components only, which are applied 
to the pushrods because of the 1. ^-degree angular difference between the 
blade axes and the feathering bearing axis. 

It is apparent f a Figure 22 that the particular control gyroscope in- 
stallation chosen has no significant effect on maximum blade response after 
the idealized gust. 
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FLAPPIWQ OR FLATWISE BEMDIWQ IR8TABILITY CALCULATIOHB 
WITH THE EXTEWDED NORMAL MODE TRANSIENT ANALYSIS 

PURPOSES AND METHODS 

A number of blade configuration and flight condition combinations were 
studied with respect t" flapping or bending stability. These were carried 
out with the extended Normal Mode Transient Analysis to determine the 
effects on stability of higher flatwise bending modes, lag freedom, edge- 
wise bending modes, and torsion. This was done for articulated rotors with 
and without chordwise center of gravity to 23%  chord offset and with and 
without pitch-flap coupling. It was also done for nonartlculated rotors 
with and without chordwiae center of gravity to 23%  chord offset and with 
and without control gyroscop« feedback effects. The blade elastic axis 
was at the 23%  chord for all rotors considered. 

The basic method of determining a practical stability boundary was essen- . 
tially the same as for the similar work with the simplified analysis. In 
general, +>« blade was assumed to be at the zero azimuth position, with 
flapping, lagging, and higher modal displacements and velocities all start- 
ing from zero. For the gyro feedback studies, the individual blades were 
started in a similar manner at their azimuth positions when the first blade 
was at zero azimuth. The blade was then assumed to be Instantaneously 
enveloped In an upward flow that represented an idealized gust, which then 
remained constant for the time period of interest. One essential difference 
between the simplified analysis and the Normal Mode Transient Analysis 
studies is the length of solution r-quired to demonstrate that the system 
being studied has achieved a representative amplitude response. The sim- 
plified system, which considers only one flapping or flatwise bending de- 
gree of freedom, reaches essentially Its maximum amplitude during the first 
rotor revolution after the onset of the Instantaneous gust. Thus, no ben- 
efit would be obtained for simplified solutions of more than one rotor 
revolution In length. The extended Normal Mode Transient Analysis, however, 
considered lagging and edgewise bending motions, whose natural periods were 
considerably more than one revolution In length.  It was thus expected that 
more revolutions of the rotor might elapse before the maximum flapping 
amplitude would be attained. On the other hand, a practical rotor installed 
on an aircraft would not be carried Inexorably into a gust approximating the 
type being studied. Aircraft motions and control corrections would become 
significant aftc*r a certain period of time, and consideration of these 
effects is beyond the scope of this Investigation. In order to provide a 
conservative compromise, the blade motion solution was allowed to run for 
10 rotor revolutions. This is a time period of the order of 3 to 5 seconds. 
If the response of the rotor to the Idealized gust were desired over a 
longer period, a study similar to Reference 9, would be needed for meaning- 
ful results. Thus, the information obtained by allowing the blade motion 
solution to run past 10 revolutions would have little practical value, since 
significant control correction and fuselage motions would be taking place. 
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ROTOR C0MFIQURATI0H8 AMD FLIQHT COMDITIOHS STUDIED 

The pertinent characteristics of the basic rotor system used for the flap- 
ping or bending stability studies with the extended Normal Mode Transient 
Analysis are given In Table II. The rotor configurations and flight con- 
dition« investigated are listed In Tables III and IV, respectively. The 
nodal frequencies for the articulated and nonarticulated configurations 
are given in Tables V and VI. 

It should be noted that the extended Normal Mode Transient Analyses employs 
blade rigid flapping and lagging modes for the articulated blades, in 
addition to the elastic modes libted in Table V. 

lote that configurations 1 and 2 in Table II are similar to configurations 
1 and 16 studied with the simplified analysis, which are given in Table I. 

RI8ULT8 OF rLAPPINO OR BENDING IHSTABILITY CALCULATIONS 
WITH THE NORMAL MODE TRANSIENT ANALYSIS 

Th9 basic results of the procedure described previously are given in Table 
VII for the various configuration and flight condition combinations studied. 
More detailed results are presented graphically, to permit further under- 
standing of the effects of higher flatwise bending modes, lag freedom, 
edgewise bending modes, and torsion. 

It should be noted that the results contained in Table VII refer to the 
■aatiaum excursions experienced after the onset of the instantaneous gust. 
Much of the discussion to follow is based on excursions during a typical 
rotor revolution a few seconds after the gust has been applied. It is felt 
that these results may be more representative of response to a gust with a 
■ore gradual onset. 
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DISCUSSIONS OF FLAPPING OR FLATWISE BEWDIWG INSTABILITY RESULTS 

The single-degree-of-freedom analysis results have been discussed earlier 
under the appropriate subsections.    Practical rotor operating limits and 
preliminary design procedures were described in conjunction with the single- 
degree-of-freedom analysis.    In this subsection, these limits and proce- 
dures will be discussed in relation to the Normal Mode Transient Analysis 
results.    Where deviations appear between the results of the single-degree- 
of-freedom analysis and the Normal Mode Transient Analysis, possible 
reasons for the deviation, and the range of usefulness of the single-degree- 
of-freedom analysis, are discussed. 

The first type of graphical presentation of the Normal Mode Transient 
Analysis results appears in Figures 23 through 29» as time histories of 
flapping and leading for the articulated blade, and as modal amplitudes for 
the nonarticulated blade. All 10 revolutions included in the solution are 
generally presented.    It will be noted that not every configuration and 
flight condition combination listed in Table VII is Included in these plots. 
Inclusion of these other combinations in this set of graphs would offer no 
additional information of particular interest.    These will, however, be 
mentioned and described during the discussions to follow. 

Figure 23 shows flap and lead time histories for the articulated blade, 
with no pitch-flap coupling and the center of gravity at the 23% chord 
position (configuration 1 in Table II).    Results are shown for   /*      ■  .5, 
1.0, and 1.23, with     ÜR        adjusted to keep the advancing blade tip Mach 
number at .83.    The articulated blade time history for    fi    ■  .60 is not 
shown, since it was similar to that for     /*    =  .50, except for a larger 
amplitude.    Note that the low-frequency transient lead motion decays in 
each case.    Ultimately, the one-per-revolutlon lead motion visible would 
remain. 

The blade is seen to lag during the first half revolution in each case. 
When the retreating .ilde is reached, the blade is forced to lead to a much 
greater extent.    The results for advance ratio    /*    =1.5 were qualitatively 
similar, but with somewhat larger flapping amplitudes, and with lead tran- 
sient amplitudes more than twice as large.    Even for this case, the lead 
transient decayed.    This case for    /u     • 1.5 was not plotted, since the 
motions were well beyond the range of practical interest.    It should be 
particularly noted that for advance ratio     M    * 1.25, the maximum flapping 
amplitude was reached in two rotor revolutions or less, and that once it 
was reached, variations were relatively minor. 

Figure 2k shows first flatwise and edgewise modal time histories for the 
nonarticulated blade, tabulated as configuration 2 in Table III.    These 
modal amplitudes for the nonarticulated blade are the corresponding tip 
deflections divided by rotor radius.    The similar quantities for the artic- 
ulated rotor are the tangents of the flapping -nd leading angles.    Since 
these angles remain relatively small, they can be compared directly to the 
nonarticulated blade first bending modes, at least from a fuselage clear- 
ance standpoint.    Note that the flatwise response for the nonarticulated 
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blad« Is gmwrftlly largtr than for the articulated bled». For advance 
ratio ft ■ 1.2$, large edgevlee motion« develop in addition to the flat- 
visa notions» and survival of the blade would be very doubtful. Since the 
time history response for advance ratio ^ ■ .50 Is similar to that ebovn 
for M ■ .60, with smaller amplitudes, only the  j* ■ .60 case is pre- 
sented in Figure 2k. 

Figur« 25 shows a sample flapping and lagging response for the articulated 
blad« with pitch-flap coupling, listed as configuration 3 in Table III. 
Response of the same configuration was about two-thirds as large for an 
advance ratio fi     of 1.25  and was qualitatively similar. Response for an 
advance ratio of 1.0 was very small. The response at an advance ratio of 
1.8 was Impractically large, with an apparently divergent lead motion. 

Figure 26 shows the flapping and leading time history for the articulated 
blad« with the center of gravity located 6% of the chord aft of the elastic 
axis and 25% chord. This is listed as configuration 5  in Table III. This 
result is similar to the corresponding part of Figure 23, for an advance 
ratio fi     of 1.25, with a more abrupt buildup of flapping amplitude and 
with a noticeable tendency of blade motion towards the lagging direction. 
These general tendencies were less apparent in the similar results for ad- 
vance ratio fi     ■ .3, .6, and 1.0. In these cases, the flapping and lead- 
ing motions were substantially identical to the corresponding cases with 
the blade balanced on the 25%   chord. 

Figure 27 shows modal time histories for the nonarticulated blade with the 
center of gravity 6% of the chord aft of the elastic axis and 25% chord. 
This is configuration 6 in Table III. The motions are similar to the cor- 
responding part of Figure 2k with ar advance ratio of 1. A more abrupt 
onset of flatwise motions is evident, together with a somewhat smaller 
edgewise motion. The corresponding results for advance ratios of .5 and .6 
were generally similar to those for the balanced blade. However, the re- 
sponse of the balanced blade at an advance ratio of .5 was about 25% greater. 
Hote that for these 6% aft center-of-gravity cases at  fi   m .5 and .6, tht 
maxlsnim flapping amplitudes were reached during the first revolution, rather 
than later, as for the balanced blade cases. Figure 28 was made more de- 
tailed to present the second, third, and fourth revolution modal time his- 
tory for the seme blade configuration at an advance ratio ot 1.25.    In this 
case, the motions grew catastrophlcally large for this nonarticulated blade 
during the fifth rotor revolution, causing the computer program to terminate 
the solution automatically. The gust amplitude used causes immediate flap- 
ping amplitudes beyond the practical limits, but It could be expected that 
the same instability would be triggered by a smaller disturbance. Inspec- 
tion of Figure 28 shows that torsion, first edgewise, and first flatwise 
modes are Involved In the Instability. 

Figure 29 presents the flapping and leading time histories for the artic- 
ulated blade with center of gravity 10%  of the chord aft of the elastic 
axis and 25%  chord, listed as configuration 7 in Table III. An apparent 
instability was manifested by slowly growing lead-lag motion. The advance 
ratio is 1.25 for this figure. A similar case was computed for M-  m 1.50. 
Very large motions occurred, as high as /8    * .5k  and C  = - .23. In 



this last case, however, the ~otions appeared to diminish toward the end 
of the 10-revolution interval. 

Inspection of the set of figures de~cribed in the preceding discussion 
shows that the blade flapping motion generally became essentially cyclic 
within three rotor revolutions after the idealized gust onset. This was 
true even though the P~ticulated lead-lag motion and the nonart i culated 
edgewise motion had not yet :;:-eached their corresponding cyclic Ir1otion.s. 
More detailed inspection of the computer output showed that torsion and 
flatwise bending modal amplitudes also generally became nearly cyclic aft er 
a few rotor revolutions. These observations permitted the use of t he tenth 
revolution as a sample representing any of the others after maximum f lap
ping amplitude had been reached. The computer program automatically pro
vided d.etailed information about total blade deflections during this rev
olution. Since blade flapping, flatwise bending, and torsion mode time 
histories were virtually identical for any of the revolutions, it was valid 
t o consider blade vertical and torsional deflecti ons as cyclic. Detailed 
information about any particular revolution could be obtained, if necessary, 
by running separate Normal Mode ~~ansient Analysis cases. However , t he 
tenth revolution information was adequate f or t he purposes of this portion 
o :~ the investigation. 

The next set of Figures, 30 through 34, were pr~pared to aid in the com
parison of different configurations, and also to present total blade de
flection3 due to flapping, flatwise cending, and torsion. 

Figure 30 shows articulated and nonarticulated blade tip vertical deflec
tion nondimensionalized by rotor radius, t ogether with blade tip elastic 
twist. These data were plotted as time histori es against blade azimuth 
angle. Note that articulated and nonarticulated f lapping response is al
most identical for the advance ratios ~ = .5 and ~ = .60. The non
articulated blade exhibits a larger amount of tor s i onal mot i on f or these 
advance ratios. When advance r atio is unity, both blade types undergo 
substantial torsional deflection, but the tip deflection increases con
siderably mnre for the nonarticulated than for t he articulated blade. 
Figure 31 shows similar results for the articulat ed blade at advance ratio 
~ = 1.25. The nonarticulated blade r esults f or thi s advance r atio are 

not pre-ented here, s iuce impract i cally l arge flatwise and edgewise bending 
deflect).ons resulted, as shown prev iousl y i n Figur e 24. 

Figure 32 (a) shows articulated bl ade results with and without pit ch- f lap 
coupling, at an advance ratio ~ of 1. 0 . This t ype of coupl i ng causes 
flapping response to be very small, and a pronounced beneficial effec t on 
torsion response i s ~vident. Apparently, the beneficial effects of 'itch
flap coupling prevai l on the retreating blade at t his advance r atio. 
Fi gure 32 (b) and (c) show the s imil ar r esul t s for advance r atios ~ of 
1. 25 and 1. 50. The maximum flapping respons e with t hi s amount of coupling 
occurs when the blade is close t o the 360-degr ee a zimuth posi tion. I t 
occurs soon after the 180-degree a zimuth posit ion with no pi t~h-·flap cou
Pling. As mentioned previously, t he simi lar results f or advance ratio 
~ = 1.8 showed impract i cally large response . 
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Figure 33 shows articulated blade results with and without center-of
gravity offset. The 6% aft center-of-gravity offset causes some increase 
in flapping response at the lowest advance ratio ~ = .5 and a compar
atively pronounced increase in torsional response,as shown in Figure 33(a) 
A similar result is obtained at advanc:e ratio p. = . 60, shown in Figure · 
33 (b}. At the higher advance ratios, p. = 1. 0 and ~ = 1. 25, shown on 
Figure 33(c} and (d), the 6% cent er-of-gravity offset has very little 
effect on flapping response during a typical revolution. A moderate in
crease in peak-to-peak torsion response occurs at the higher advance ratios. 
It should be remembered that the response with the center-of-gravity offset 
is ~amevhat larger during the first revolution after an instantaneous gust. 
~·be tenth revolution blade deflections for the 10% aft center-of-gravity 
offset configurativn at ~ = 1. 25 are shown in Figure 33 (e) . The flap
ping deflections are seen to be smaller with this center-of-gravity offset, 
but it should be remembered from Figure 29 that in this case, completely 
cyclic variations in flapping were not yet reached by the tenth revolution. 
A peak flapping response approximately 38% higher occurs in the eighth 
revolution. The torsion l'esponse contains high-frequency excursions of 
rather large amplitude, and it can be seen that these tor sional deflections 
are not cyclic. It also can be seen that these osc i llations appear on the 
advancing blade and tend to quench on the retreating blade. 

Figure 34 contains corresponding results with and without 6% aft center-of
gravity offset for the nonarticulated rotor. These results are qualita
tively similar to those for the articulated blade. As mentioned earlier, 
the instantaneous gust encounter for this nonarticulated configuration at 

~ = 1.25 resulted in a rapidly d verging instability. 

The aft center-of-gravity location would be expected to increase nose-up 
blade torsion with positive flapping in conventional flow and thus would 
increase blade flapping amplitude. In regions of reverse flow, the torsion-
flapping coupling is made less destabilizing by moving the center of gravity 
aft on the blade. The area of reverse flow increases with advance ratio 
and accounts at least partially for the center-of-gravity effects shown in 
Figures 33 and 34. Note that advancing blade tip speed remains constant 
for these plots, so that retreating blade reverse--flow velocities increase 
with advance ratio. This would tend to magnify retreating blade effects as 
forward speed increases. 

The effect of a control gyro is presented next, in Figures 35 through 39. 
The calculations were carried out using the method and coufiguration de-

scribed previously for the single-degree-of-freedom analysis. In this case, 
however, the blade root bending moment and feathering couple were obtained 
from the Normal Mode Transient Analysis and were used in the calculation 
of gyro response. The effec of the gyro control inputs was determined 
for each of the five blades for a full revolution at an advance ratio 

~ = .60. The total t i p vertical deflection and torsional deflection 
are shown. One revolution was sufficient to show that the control gyro 
had at best an insignificant effect on flatwise response. It may, in fact, 
increase response on subsequent rotor revolutions. These results cannot be 
considered to be general, however, since other control gyro installations 
may behave differently. The entire character of the gyro response will 
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probably change as aircraft speed Increases at constant advancing tip Nach 
number.    The higher advance ratios would result In higher blade loads and 
therefore higher loads on the gyroscope.    The slowing of the rotor and gyro 
rotational speed will also radically increase the response of the gyroscope 
to a given load.    Tims, the gyroscope action would tend toward the response 
of a swashplate of high inertia. 

The final set of figures for this Investigation sumnarizes and compares the 
various results. Figure kO shows the maximum and minimum values reached by 
flapping angle    ß       and nondimensional tip deflection     FT during a 
typical revolution of the articulated blade after the gust onset, as cal- 
culated by the Normal Mode Transient Analysis.    The maximum nondimensional 
tip deflections as calculated by the single-degree-of-freedom analysis are 
shown for comparison.    Figure hi, which is similar to Figure ^0, shows the 
corresponding results  for the nonarticulated blade. 

Figures Uo and kl demonstrate that the single-degree-of-freedom analysis 
provides a conservative estimate of flapping response up to and well beyond 
tne practical limits.    It can also be seen that the single-degree-of-free- 
dom analysis prediction for the articulated rotor is much more conservative 
than the corresponding prediction for the nonarticulated rotor.    The data 
given in Figure 2 show that lead-lag motion alone cannot account for the 
discrepancy.    From Figures 30 and 31t it can be seen that torsional motion 
of the blade also has an appreciable effect on the blade angle of attack 
distribution, thereby influencing blade loadings and flapping response. 
Apparently, the combined effects of blade torsional deflection and lead-lag 
cause the fairly imposant mitigation in flapping response for the articu- 
lated blade.    It should be noted from Figures 23 and 2k that the first 
harmonic edgewise response of the nonarticulated blade is much larger than 
the corresponding first harmonic lead-lag motion of the articulated blade. 
Note, however, that the nonarticula'* ** first edgewise modal amplitude peaks 
at approximately   i/r      =90 degrees, while the articulated blade lead-lag 
motion peaks at about   ^     ■ 270 degrees. It appears that torsional deflec- 
tion leads to a beneficial lead-lag motion for the articulated blade.    This 
is not present in the case of the nonarticulated blade, so the solution 
remains clote to the single-degree-of-freedom result.    Figures '♦O and kl 
also show that the blade tip deflection in both the articulated and non- 
articulated cases Is essentially composed of rigid flapping or first mode 
bending, respectively, as expected. 

Figure k2 shows similar nondimensional vertical deflection envelopes for 
the articulated blade with and without pitch-flap coupling, as determined 
by the Normal Mode Transient Analysis and by the single-degree-of-freedom 
analysis.    Note that only upward deflections are presented for the single- 
degree-of-freedom analysis.    It can be seen that the single-degree-of- 
freedom analysis predicts the effect of pitch-flap coupling conservatively. 

Figureb 1*3 and kk show the effects of aft center-of-gravity position on the 
articulated and nonarticulated blades respectively, as predicted by the 
Noimal Mode Transient Analysis.    These figures show that an aft center-of- 
gravity offset of 6% has little effect on flapping response, except at the 
lower advance ratios, where aft center of gravity causes an increase in 
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flapping. It ihould bt r«n«nbered that these envelopes ere for a typical 
revolution and that aft center of gravity would increase flapping somewhat 
during the first revolution after the instantaneous gust, as shown in Table 
VII and Figures 26 and 27. 

Flight condition 7 of Table IV gave results for /^MAX^G  which were 
similar to corresponding results for condition 3. as -hown in Table VII. 
Thus, the linearity of the flapping response with respect to gust amplitude 
is also present In the solutions of the extended Normal Mode Transient 
Analysis. This permits the calculation of response to more elaborate gust 
representations through use of the principle of superposition, and the 
various statistical methods that may be employed. Because of the bt^sic rotor 
symmetry, upward or downward gusts would have similar responses of opposite 
sense on a lightly loaded rotor. 

The use of the single-degree-of-freedom analysis and the preliminary design 
methods presented earlier seems to be well Justified for blades similar to 
those treated here, if it is recognized that the results for articulated 
blades may be rather conservative. It appears that articulated blade 
torsion and lagging may exert an Important effect, especially for advance 
ratios near unity and greater. In order to show the effect on permissible 
flight conditions of gust velocity. Figure k3 has been prepared by using 
Eq. U, data from Figure 5, and Table VII. The powerful effect of pitch 
flap coupling shown in Figure k2  is clearly demonstrated here. It can be 
seen that the discrepancy between the single-degree-of-freedom solution 
and the Normal Node Transient Analysis solution is of less practical im- 
portance than would be inferred from Figures ko  and k2.    Extrapolation on 
Figure 1*5 Indicates that a speed exists for which any Indefinitely small 
disturbance will cause the blades to reach their flapping limits, but this 
speed Is very high, on the order of kOO knots. This result is, of course, 
applicable only to the specific blade configuration considered. 
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FLAP-LAG INSTABILITY 

The existence of a beiic type of articulated rotor Inatablllty under heavy 
loada vat predicted In Reference 7, where an approximate analyala waa uied. 
With thli ilmple analysis, It waa concluded that a heavily loaded rotor 
could develop cataatrophlcally large flapping motlona due to coupling with 
lead-lag deflections, ft  a result of quite moderate Initial disturbances. 
The Investigation In this section was Intended to determine If this type 
of Instability would be predicted with the quite elaborate Normal Mode 
Transient Analysis, in which blade stall, reverse-flow, and compressibility 
effects, as well as elastic deflections, are considered. The investigation 
was limited to a few sample cases for which flap-lag instability could be 
anticipated using the analysis of Reference 7. These sample cases are at 
advance ratlos, ß  , of 0.3, 0.5, and 0.7. Various sudden collective pitch In- 
crements were applied, and the blade response was calculated for several 
subsequent revolutions to investigate basic instabilities involving coupled 
flapping and lead-lag notion. 

The Normal Mode Transient Analysis was used to investigate the possibility 
of unstable flapping motion of an articulated rotor due to nonlinear coup- 
ling with lead-lag motion. The existence of such behavior is discussed in 
Reference 7, where it is theorized that an impulsive disturbance of the 
rotor could initiate coupled, unstable motion. Whether or not the motion 
becomes completely unstable is determined by the amount of viscous damping 
in the system; since the flap damping is primarily aerodynamic in nature, 
the significant parameter becomes the mechanical viscous lag damping. In 
this investigation, the S-58 (CH-31*) rotor parameters were used to define 
the dynamic system, and the transient response to a disturbance was deter- 
mined as follows. At each of three forward speeds, a high rotor loading 
condition was established with the Normal Mode Transient Analysis, and the 
steady-state flapping and lagging motions were determined. With these 
motions utilized as initial conditions, an increment of collective pitch 
was introduced and the resultant transient blade motion was calculated. 
This procedure was duplicated with and without normal mechanical lag damp- 
ing. The results obtained are presented in Figures U6 through 51« 

In Figure k6t  the steady-state blade motions at /x =0.5 and C^/a'   = 0.06 
are shown, followed by the response of the blade to an instantaneous 
2-degree increase in collective pitch (8 degrees to 10 degrees). Normal 
lag damping is in effect. After three revolutions of the rotor, an addi- 
tional 2 degrees of collective pitch is applied (10 degrees to 12 degrees), 
and two more rotor revolutions are shown.  In Figure U7, the transient re- 
sponse to the same inputs of collective pitch and steady-state condition 
are shown, the difference in this case being the absence of mechanical lag 
damping.  Comparison of the fifth transient revolution from each of these 
figures reveals no significant difference in tlade motions and no indica- 
tion of catastrophic flapping instability. Figure h8  shows the transient 
response without lag damping to an instantaneous ^-degree increase in 
collective pitch (8 degrees to 12 degrees) for the same initial conditions 
as Figure Vf. After five revolutions, there is still no significant dif- 
ference in the flapping motion from that shown in Figure k6.    An increase 
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of lk%  in the maximum lag  angle has taken place after the single large 
pitch change, compared with that for the two smaller changes. The lagging 
amplitude is, nevertheless, decreasing in the fourth and fifth revolutions 
after the disturbance. The transient response to a 2-degree increase in 
collective pitch (0 degrees to 2 degrees) at p     »0.7 was calculated in 
a similar manner, starting from a steady-state rotor lift condition of 

C^/v       *  0.057. The results obtained without lag damping are shown in 
Figure U9. After five revolutions, the flapping amplitude has steadied 
out. The lag motion, however, has assumed a high-frequency character 
with small amplitude. This response is a result of the excitation of the 
second edgewise bending mode which has a frequency of 9.13 cycles per rev- 
olution. The final condition investigated was at fi      =0.3 with a 
collective pitch of 0.75R - 11.75 degrees and a iteady-state rotor lift 
coefficient-solidity ratio of 0.10. At this steady condition, a 4-deg collec- 
tive pitch Increment was added and subtracted, and the resulting transient re- 
sjponses were calculated in each case. Thejresults are shown in Figures 30 
fluid 31»    In the first case, the flapping and lagging amplitudes steady out 
quickly, and their harmonic content remains essentially one per revolution. 
In the second case, the motions steady out with amplitudes of only 2.3 
degrees in flapping and 1.0 degree in lagging. Neither of these cases 
exhibits any instability in blade motion. 

For reference, the nominal rotor lift coefficient-solidity ratios were 
computed for the fined, revolutions shown in Figures k6  through 31'    In 
Figures U6, 1*7, and 1*9, the final values obtained were C^/<r    = 0.10; in 
Figures 1*8 and 50, the final values were  ^/^ =0.11. In Figure 51, 
decreasing collective pitch resulted in a final CL/a-   = 0.03. These 
values are in good agreement with the steady-state lift values that would 
be expected if the collective pitch increments were applied slowly rather 
than instantaneously. 

In Reference 10, a method Incorporating only flap and lead-lag degrees of 
freedom is used to calculate the blade response to a disturbance. The 
predicted blade behavior discussed above is in general qualitative agree- 
ment with the results shown in Reference 10. The results of Reference 10 
Include slowly diverging or converging blade motions following the initial 
disturbance. In the present investigation fewer rotor revolutions were 
considered them in Reference 10, because of the greater complexity of the 
method. Therefore a very slow noncatastrophlc divergence or convergence 
cannot be definitely detected as such. The results shown in Figure U8 may 
fall into this category. Disregarding such tendencies toward gradual 
amplitude changes, the present analysis indicates that although rotor dis- 
turbances in the form of sudden changes in collective pitch may cause 
flapping and lagging motions that are unacceptable practically, such 
changes do not Induce catastrophic instability. The mechanical viscous 
restraint of the lag motion tends to moderate the transient blade response, 
but its absence or presence does not affect the conclusion Just stated. 
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ARTICULATED  ROTOR 

NQHARTICULATED ROTOR L.K,V^qw 

Xi« SLOPE OF MODE SHAPES 
Qw- MAGNITUDE OF MODE SHAPES 

Figure 1.    Mechanism of Flapping or Flatwise Bending 
Instability. g 
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Typical Revolution After an Instantaneous 
Gust;MR=l.99,CWl«l.l2, M,f9os.85,Wos30 
FT/SEC.fo^xJ^^O, Y /C - 0. 
Control Gyro Fixed.   c* 
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Figure kh.    Effect of Center-of-Grr.ity Offfet on 
Maximum and Minimum Nonarticulated 
Blade Response During a Typical 
Revolution After an Instantaneous Gust: 
MR

S
I 99,Srw. = l IS.Mi.w8^»! Wo =30 FT/feEC, 
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s0a; Contro1 Gyro Fixed. 
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TABLE II.    BASIC PROPIPTIES Of ROTOR BYSTDI FOR FUPPIRO OR 
BDDIHO STABILITY STUDIES WITH THE EXTERDID 
BOHMAL NOOB TRABSIDT ARALYSIB 

It« Sybol       V>Xy 

Radius 

Number of Blade« 

Chord 

Flatwise Bending Stiffness 

Edcevise Bending Stiffness 

Tors Iona1 Stiffness 

Mass per Unit Length 

Flap-La« Hinge Offset 

Tip Loss Factor 

Aerodynamic Root Cutout 

Structural Root Cutout 

Mass Radius of Gyration in 
Torsion Divided by Rotor 
Radius 

If 

E 

r0A 

Of 

205 

.0339 

.96 

.12 

.0$6 

.0112 

Units 

31.0      ft 

5 

1.52     ft 

l^dalO* Ib-ft* 

1.53*10* Ib-ft* 

^.k3«10, Ib-ft* 

• luga/ft 
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TABLE IZX. HOTOR COHriOURATIOrS FOR FLAPPIHG OR 
STABILITY STUDIES WITH THE EXTENDED 
NODE TRANSIEBT ANALYSIS 

BENDING 
NORMAL 

i      ...                                        i 

Configuration 
Huabtr 

Articulated 
or 

Nonarticulated 
Tan 83 > 

Control 
Gyro 

Condition 

1 Articulated 0.0 0.0 - 

2 Nonarticulated - 0.0 Fixed 

3 Articulated 1.0 0.0 - 

k Nonarticulated - 0.0 Acting 

5 Articulated 0.0 -.06 - 

6 Nonarticulated - -.06 Fixed 

7 Articulated 0.0 -.10 - 
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TABLE IV. FLIGHT CONDITIONS 
STUDIES WITH THE 

! FOR FLAPPING OF BENDING STABILITY 
EXTENDED NORMAL MODE TRANSIENT ANALYSIS 

Condition 
Number M 

AR 

ft/sec ^0 
V 

Knots ft/sec 

!                1 • 50 632 .01*75 188. 30.0        1 
2 .60 593 .0507 210. 30.0 

3 1.00 U75 .0633 282. 30.0 

k 1.25 1*22 .0712 312. 30.0 

i               5 1.50 380 .0788 338. 30.0 

6 1.80 • 339 .0885 361. 30.0 

7 1.00 »♦75 .0729 282. 34.5       | 
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TABU V. ARTICULATED BLADE ELASTIC MODAL FREQUENCIES 

f           ._                                                 Frequenciet-Cyclei/Revolution         | 

ft/iec % «i \ -3 \ 
w*        *«         «"A "l          ¥2          *l 

632     1.026 
593     1.026 
»»75     1.026 
»♦22      1.026 
380      1.026 
339     1.026 

2.65 
2.66 
2.7»» 
2.79 
2.8»* 
2.91 

k.QB 
»♦•97 
5.3»* 
5.59 
5.86 
6.20 

7.96 
8.18 
9.11 
9.75 

10. »*0 
11.22 

.226 
.226 
.225 
.225 
.225 
.225 

3.35   3.8»*     8.59 
3.»*5   9.27      9.1»* 
3.92 11.11    11.39 
»*.23 12.30    12.81 
»Oö 13.»»9    ll».21 
»♦.98 1»*.96   15.91 

1                      _.       .                                                                  .    J 

TABLE VI.     NOHARTICULATED BLADE ELASTIC NODAL FREQUENCIES 

OR     -s- 
ft/sec       I 

Pr»qiiwiciM-CycU«/Revolution 71 tc sr ar os- 
"3 «4 »| ^2 »i 

632 1.05 2.73 5.03 8.11 .686 U.o6 8.59 
593 1.06 2.76 5.1b 8.36 .715 »».2b 9.1** 
1»75 1.08 2.89 5.63 9.»»i» .836 U.98 11.39 
»♦22 1.09 2.98 5-97 10.17 .913 5.1*6 12.81 
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CONCLUSIONS 

1. The response of <.he rotor blade in flapping or flatwise bending Is 
essentially proportional to the size of a gust disturbance, provided 
the rotor response does not exceed the conventional fuselage clear- 
ance requirement:;. 

2. The slngle-degrce-of-freedom flapping analysis used In this part of 
the Investigation generally provides approximate results suitable for 
preliminary design studies, as verified by comparison with more elab- 
orate analyses. For advance ratios beyond unity and for center-of- 
gravlty offsets beyond 6%  chord, participation of other modal dis- 
placements, principally lead-lag or edgewise and torsion, may make 
the slngle-degree-of-freedom analysis Inaccurate. 

3. Blade mass parameter and pitch-flap coupling are the most Important 
parameters affecting flapping or flatwise bending stability. 

I«.  Nonartlculated and articulated conventional blades behave In the same 
qualitative fashion with respect to flapping response below advance 
ratios of unity. The articulated blade response Is somewhat smaller 
them the nonartlculated blade response for the same stiffness. 

5.  Normal Mode Transient Analysis calculations showed that sufficiently 
large control Increments under heavj rotor loads at high speed could 
produce Impractlcally large flapping and lead-lag excursions, but no 
catastrophic instability. This same result was obtained for a number 
of different flight conditions of a typlca.. rotor both with and with- 
out mechanical lag damping. 
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RECOMMEHDATIONS 

1. The •Ingle-degree-of-fi-eedoo flapping analysis appears to be quite 
adequate through advance ratios of unity and cbordvlae aft center-of- 
gravity offsets up to 6% vlth respect to the 25%  chord and elastic 
axis. In order to extend this range of usefulness, a three-degree- 
of-freedo« analysis Incorporating flapping or flatwise bending, lead- 
lag or edgewise action« and torsion Is suggested. 

2. The flapping or flatwise bending response to control Inputs should 
be Inrestlgated; a procedure similar to that used In this report for 
gust response could be used. Then, a corresponding set of practical 
operating boundaries should be generated and compared with the gust 
boundaries. 

3»  Hie effects of fuselage motions and control corrections on flapping 
or flatwise bending response should be Investigated. 

1».  The flapping or flatwise bending response of typical rotors to more 
realistic isolated and statistical gust representations should be 
inrestlgated. 

5.  The existence of a coupled flapping and lagging catastrophic Insta- 
bility was not detected with the Iform&l Mode Tranklent Analysis for 
the cases considered. In order to determine If a range of parameters 
exists for which this instability can be predicted, further analysis 
is suggested. The flapping and lagging response to various control 
or gust excitations should be calculated. The effect of excluding 
nonlinear aerodynamic and dynamic terms as well as various rotor 
blade degrees of freedom should be systematically determined. 
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